[1] The primary purpose of this paper is to investigate the spreading and production rates of oceanic ridges for the last 180 Myr, based on the detailed analysis of eight oceanic units (North, Central, and South Atlantic basins, Southwest, Central, and Southeast Indian Ridge systems, Somalia basin, and the Pacific plate) and using the most recent timescale for oceanic isochrons. The global study of oceanic ridges presented here shows that (1) the average rate of spreading, which we computed by weighting the rates obtained at each basin by the relevant ridge lengths, is constant since $125 Ma at 53.4 ± 5.9 mm yr À1 (full rate), (2) the average surface production rate is 2.7 ± 0.2 km 2 yr À1 , and (3) the minimum oceanic crust production in volume, or flux, is 18.7 ± 2.9 km 3 yr À1 . These estimations are in close agreement (within ±10%) with other studies. However, the new results emerging from this analysis are the following: (1) The Cretaceous flux rates (in volume) might be only 10% higher than today over a short period of time (125-100 Myr). (2) The ''pulse'' of ocean crustal production (120-80 Ma) in the world total is predominantly the result of contributions from mantle temperature and oceanic plateaus but is not linked to the global spreading rate of oceanic ridges, as generally accepted. (3) The rates presented here differ from previously published models for the Cenozoic and show a general increasing trend in the last 50 Myr. (4) We finally suggest a possible $25 Myr pseudo-periodicity of the oceanic production rate (in surface and in volume) at least during the last 75-80 Myr. These data could have a profound impact on a vast number of models including sea-level changes and more generally on the chemical mass balance between ocean and continent, which is known to be a key parameter in the history of the Earth's climate and ocean chemistry.
Introduction
[2] It is generally thought that the ocean spreading rate at ridges has not been constant for the last 180 Myr; it may have attained two to four times its present-day value between 120 and 80 Ma (in the Cretaceous). Subsequent to this time, it has decreased [Kominz, 1984] . Because high spreading rates are believed to produce high topography of oceanic ridges [Hays and Pitman, 1973] , this variation of spreading rates in the past is considered to be a dominant forcing parameter in global sea-level changes, and has been acknowledged as the primary cause of Cretaceous sea-level highstand [Vail et al., 1977; Berner, 1994; Hardenbol et al., 1998 ]. Furthermore, the seafloor generation rate is thought to be a critical parameter for scaling the CO 2 outgassing rate both from the mantle and subduction metamorphism [Berner et al., 1983; Berner, 1994] .
[3] Two recent studies, both based on the more modern database of global ocean isochrons of Royer et al. [1992] and Müller et al. [1997] , obviously show that such a high rate of spreading in the Cretaceous cannot be demonstrated. In the first one, Rowley [2002] suggests a steady state in production at 3.4 km 2 yr À1 , integrating the area versus age distribution of Sclater et al. [1981] while making the assumption of a constant consumption rate of oceanic crust at subduction zones, as proposed by Parsons [1981 Parsons [ , 1982 . This idea has been recently criticized by Demicco [2004] , who showed that a nonsteady state production of ocean crust with time may account for the observed linear decrease in area versus age of ocean floor as well. Following a different approach, we [Cogné and Humler, 2004] however reach the same conclusions as Rowley [2002] . Only on the basis of measurable elements on the Earth (surfaces and isochron lengths) we divided oceanic crust surfaces evolution with time by the length of past ridges. This led us to propose an average constant spreading half-rate of 25.9 ± 3.3 mm yr À1 at the global scale since at least $160 Ma, without any significant variation in the Cretaceous. In a second and more hypothetical step, based on geological evidence [Ricou, 1994 , Engebretson et al., 1985 , we modeled the temporal evolution of the length of ridges on the Earth. In quite good agreement with Kominz [1984] , we suggest a constant ridge length in the geological past. But, in contrast to Kominz [1984] , we conclude that constant spreading rates and ridge lengths results in a globally constant half-production rate in the past.
[4] Consequently, we face a paradox. On the one hand, Rowley [2002] suggests a constant oceanic crust production rate since 180 Ma, which, although debated [Demicco, 2004] , is supported in a different way by Cogné and Humler [2004] . On the other hand, sea-level changes appear to be undoubtedly controlled by changes in the oceanic crust production, supposed to have a major effect in sea-level highstand in the Cretaceous [Hays and Pitman, 1973; Kominz, 1984; Larson, 1991] . We present here a new detailed analysis of the isochron database of Royer et al. [1992] and Müller et al. [1997] , in order to provide up to date insights on temporal evolution of oceanic crust spreading (mm yr À1 ), production (km 2 yr À1 ) and flux (km 3 yr À1 ) rates. Furthermore, this study is based on a recomputation of isochron ages following the recently published magnetostratigraphic scale of Gradstein et al. [2004b] .
Spreading Rates (mm yr
À1 )
Method
[5] Cogné and Humler [2004] presented a curve of global spreading rates as a function of time, based on the average of 4 main oceanic basins (Atlantic, Indian, Antarctic and Pacific). This curve shows no significant variations since at least $160 Ma. However, because it averages large oceanic basins, within which there may be some significant variations, one may suggest that such a simple arithmetic average could smooth periods of high (or low) spreading rates intervening on large (or small) ridge lengths.
[6] For example, it is particularly obvious that the isochron pattern of the southeastern part of the Indian Ridge system separating the Antarctica and Australia plates reflects quite high spreading rates since the Tertiary, whereas these rates are much lower in the southwestern part at the same time. Similarly, the central part of the Indian Ridge system had very high spreading rates at the time of rapid northward drift of India Plate at the end of the Cretaceous [e.g., Patriat and Achache, 1984] while it was rotating away from Antarctica. The rates on this ridge segment then dramatically slowed after the collision of India with Eurasia continent at $50 Ma. Because of this complexity, averaging spreading rates at the scale of the entire Indian ridge system (as we did in our first evaluation) possibly smoothes these local variations [e.g., Cogné and Humler, 2004, Figure 3b] . Turning to the Atlantic Ridge system, although isochron paths appear more regular, we may suspect different behavior of its northern, central and southern parts since their histories are not synchronous. We therefore attempted to refine our evaluation of average spreading rates at the global scale by a more detailed study of rates and ridge lengths at the scale of smaller and better defined oceanic units, with more symmetric shapes than in our first evaluation.
[7] Keeping in mind the sake of symmetry and regular isochron structure, we have selected 8 oceanic units, representing $70% of the total oceanic crust surface, in the following way (Figure 1 ). We selected three main parts in the Atlantic ocean: (1) the Central Atlantic basin (CATL, Figure 1a ) which we arbitrarily limited to the Charlie Gibbs fracture zone (f.z.) to the north, and the Romanche f.z. to the south, thus delineating the oceanic crust formed during the rotation of North America plate from Africa since 180 Ma; (2) the South Atlantic basin (SATL, Figure 1b ) which we limited to the same Romanche f.z. to the north, and the FalklandAgulhas f.z. to the south, encompassing most of the oceanic crust generated by the rotation of South America from Africa; (3) the North Atlantic basin (NATL, Figure 1c ) defined by the isochrons recorded during rotation of North America from Europe, north of the Charlie Gibbs f.z. We have not considered southernmost parts, south of the Falkland-Agulhas f.z., because of interactions between South Atlantic, Southwest Indian and South America/Antarctica ridges, including the Scotia plate.
[8] In the same way, we have divided the Indian ocean into four distinct units.
(1) A western part centered on the Southwest Indian Ridge (SWIR, Figure 1e ), which we limited to the Shaka f.z. to the west and the Andrew Baine f.z. to the east, encompassing the crust generated between Antarctica and Africa. (2) We considered the Somalia Basin (SB, Figure 1f ) as a single (and the smallest) unit, which opened when Madagascar, together with Australia, India and Antarctica, rotated away from South Africa between $160 and $120 Ma.
(3) The eastern part is defined between the St Paul (west) and Balleny (east) f.z., on the Southeast Indian Ridge (SEIR, Figure 1h ), which generated the crust formed during rotation of Antarctica away from Australia. (4) The remaining of the Indian ocean has been considered as the Central Indian Ocean unit (CIO, Figure 1g ). Indeed, the latter unit is not very simple and symmetrical, as it contains some parts of SWIR and SEIR units, but it also contains the most significant part of the crust generated at the end of the Cretaceous by the northward drift of India plate, and is therefore assumed to be significant of the Central Indian ridge dynamics.
[9] Finally, the Pacific Plate (PAC, Figure 1d ) is the 8th oceanic unit we considered. It should be noted that it is the only oceanic unit which is bounded on a side by a ridge, whereas the seven other units are symmetrical relative to their ridge axis. Finally, we did not consider Nazca and Cocos plates because they are significantly subducted.
[10] In each of these oceanic units, we have computed the spreading rates SR i (i = 1, 8 basins), as described by Cogné and Humler [2004] , using Cogné [2003] , by (1) measuring the surface dA encompassed between two successive pairs of isochron, (2) dividing these dA by the time interval dt between these isochrons, and (3) dividing these {dA/dt} quantities by the relevant isochron length RL i , which is the ridge remnant responsible for the dA production considered (Table 1 ). An error analysis is also provided which is based on [e.g., Cogné and Humler, 2004] a ±3% error on measured dA quantities, an assumed average 1 Myr error on isochron boundaries resulting in a ±2 0.5 Myr error on dt, and a 7% error on RL measurements.
[11] Finally, we recall that the isochrons were dated by Royer et al. [1992] and Müller et al. [1997] using the magnetostratigraphic scales of Cande and Kent [1995] for anomalies younger than chron 34 (83.5 Ma), and of Gradstein et al. [1994] for older periods. In the present study, we have made computations according to these references (as in Cogné and Humler [2004] ), as well as with the recent magnetostratigraphic scale published by Gradstein et al. [2004a Gradstein et al. [ , 2004b . We detail here only the results obtained with isochron ages which we have redated using the more recent timescale of Gradstein et al. [2004b] .
Results
[12] The spreading rates here obtained are shown in Figure 2 (full rates). They show great variability between oceans. Spreading rates appear particularly regular in the Central Atlantic basin (Figure 2a ) at an average value of 28.3 ± 7.8 mm yr À1 , whereas they show significant variations in the South Atlantic ocean, with high values (50 mm yr À1 ) during the Cretaceous, and in the $20-40 Ma period ($45 mm yr À1 ), with lower (30 to 40 mm yr À1 ) in the 70-50 and 20-0 Ma periods. Because it is close to the Euler pole of rotation between North America and Europe, the North Atlantic unit provides lower and quite constant spreading rates (Figure 2c ) which average at 19.8 ± 6.0 mm yr À1 since 80 Ma. However, the greater variability appears in the Indian Ocean, and in the Pacific. Concerning the Indian Ocean, it is upsetting to observe that each of its three main parts exhibits high spreading rates periods which become younger from west to east. As a matter of fact, the SWIR Figure 1 . Hammer-Aitoff projection of isochrons (blue thin lines) based on Royer et al. [1992] and Müller et al. [1997] and definition of the 8 oceanic units we have selected for our new computation of spreading rates: ( ( Figure 2e ) shows high spreading rates (with important fluctuations around $75 mm yr À1 ) at the beginning of its life, from 155 to 83 Ma, where it falls by more than 50%, and then remains stable up to the present-day period. The SB spreading rates ( Figure 2f ) are in line with those of SWIR in the $125-160 Ma period. The SWIR decrease of spreading rate is followed by an increase of the Central Indian Ocean one ( Figure 2g ) which reaches twice its initial value at $100 mm yr À1 between 70 and 50 Ma, the time of rapid northward drift of India plate, and then decreases to a stable value of $35 mm yr À1 . Corresponding to this decrease at 50 Ma, the SEIR (Figure 2h ) shows an increase of spreading rates between 50 and 35 Ma where it reaches $65 mm yr À1 whereas it .
[13] The Pacific plate is bounded on its eastern side by a ridge and thus the SR values have been doubled (Table 1) for comparison with other, symmetric, basins. As usually noted, Pacific rates are almost twice as large as rates from the other basins. They show high values between 180 and 83 Ma, at $100 mm yr
À1
, followed by a decrease to $65 mm yr À1 between 83 and 40 Ma, and an increase in the 40 last Myr to their present-day values of 120-140 mm yr À1 .
[14] Because the spreading rates just described apply to various ridge lengths, with possibly high rates on only short ridge segments, or low rates involving long ridge segments, we propose to weight the global average to ridge length. We therefore computed weights wt i (i = 1, 8) as the ratio of a given ridge length SR i for a given oceanic basin at a given age with the total ridge length we could measure for this age on the whole 8 oceanic units considered (Table 2 ). The weighted global average spreading rates we propose (Table 2, Figure 3a ) are then assumed to be the sum of the products {SR i .wt i } (i = 1, 8) from 180 Ma to present.
[15] The weighted average spreading rates (Table 2, Figure 3a ) appear quite consistent with our previous determination [Cogné and Humler, 2004] and constant at 53.4 ± 5.9 (1s) mm yr À1 through the 125 -0 Ma period. Although they appear consistent in the last 50 Myr, our results are significantly lower than both lower (green curve in Figure 3a ) and higher (blue curve) hypotheses of Kominz [1984] prior to 50 Ma. The reasons for this discrepancy, as already discussed by Cogné and Humler [2004] , are thought to arise from (1) different methods, (2) improved mapping of isochrons, and (3) a better accuracy of timescales used since the time of the latter evaluation. The procedure adopted here further allows us to significantly reduce the 2s errors with respect to our previous determination (e.g., dark versus light gray areas in Figure 3a ). This reinforces the hypothesis of the lack of significant high spreading rates on ridges during most of the Cretaceous.
[16] In contrast with our previous study, however, the present results suggest higher spreading rates prior to anomaly M0, which would average at 77.0 ± 8.4 (1s) mm yr À1 between M25 (148.5 Ma) and M0 (124.6 Ma). It should however be noted that (1) the average spreading rates are dominated by the high Pacific values, as they represent $50% of the total ridge length measured at the time of anomaly M4 (Table 2) , and up to 70% prior to M21. In contrast, SR values of Somalia Basin, SWIR and Central Atlantic appear lower, around Figure 2 ). (2) Surfaces enclosed by (and older than) the M0 anomaly represent only $13% of the total measured surfaces on the Earth. Therefore spreading rates determinations are sensitive to small errors on either dA or dt quantities. Altogether, we conclude that the high spreading rates we propose for periods older than 125 Ma are probably speculative.
3. Production Rates (km 2 yr À1 )
[17] The production rate we present here relies on the same assumptions as of Cogné and Humler [2004] . It is based on the sum of currently observable surface production rates {dA/dt} at the global scale, as first compiled by Sclater et al. [1981] and refined by Rowley [2002] and Cogné and Humler [2004] , with the {dA/dt} of subducted, oceanic crust. To obtain this modeled production, we computed the product of ridge lengths of Cogné and Humler [2004] , based on Tethys and Pacific model evolutions [Ricou, 1994; Engebretson et al., 1985] , with the weighted global spreading rates as quoted above (Table 2) . For the uncertainty analysis, we allowed a 15% error on estimated ridge lengths from the Pacific system, and assumed a 20% error on Tethys ones. Furthermore, we added to this production rate those of small oceanic basins (SOB) as deduced from the review of oceanic crust flux of Kaiho and Saito [1994] , by dividing their values of crust flux in back arc basins (km 3 yr À1 ) by the constant 6.5 km thickness they used (red curve in Figure 3b ).
[18] The curve of production rates as a function of time from 180 Ma to present obtained (Table 3 , Figure 3b ) is very similar to the one we proposed, neglecting SOB [Cogné and Humler, 2004] . As already reported by Rowley [2002] and Cogné and Humler [2004] , the production rates exhibit ±25% variations around a mean of 2.7 ± 0.2 km 2 yr À1 , with no particular high rates in the Cretaceous. In contrast, we propose that the 100-40 Ma interval might be a period of slightly lower production, somewhat contradicting the result of Rowley [2002] (blue curve in Figure 3b) . However, the more surprising feature is a significant increase in crust production during the last 50 Myr. As a matter of fact, the average production at main ridges only (dotted red curve in Figure 3b ) in the 95 -56.6 Ma period establishes at 2.2 ± 0.1 km 2 yr À1 , whereas it is now at 3.2 ± 0.2 km 2 yr À1 (Table 3) , an increase of 45% since 50 Ma. The total production curve (black continuous ) and 2s error area as a function of time for the present study; blue (green) curve: higher (lower) hypothesis of Kominz [1984] ; dotted black curve and light gray area following Cogné and Humler [2004] . (b) Global oceanic crust production rates (km 2 yr
) as a function of time; continuous black line and gray area: total production rates with 2s error including back arc basins deduced from Kaiho and Saito [1994] (red continuous curve); red dotted line: production at main ridges only, after Cogné and Humler [2004] , corrected for the timescale of Gradstein et al. curve in Figure 3b ), including SOB production, indeed exhibits a larger increase of production, on the order of 60%, with 2.3 ± 0.1 km 2 yr À1 in the 95-56.6 Ma period and 3.7 ± 0.2 km 2 yr À1 at present.
[19] As noted by Kaiho and Saito [1994] , there are some significant variations in the production of back arc basins at the global scale, with high values within 0-7 Ma, 15-34 Ma and 37-60 Ma periods, and low values within 8-15 Ma, 34-37 Ma and 60-66 Ma periods. These variations fit the trends of production rates we see in the main oceanic basins (red dotted line in Figure 3b) (Figure 3b ).
[20] We finally note that these pseudo-periodic variations are consistent with the curve of Rowley [2002] , mainly in the 0-80 Ma period, but also probably in periods older than 110 Ma (Figure 3b ). In contrast, however, the production rates we obtain are significantly lower than those of Rowley [2002] in the 110 -40 Ma period (Figure 3b) , although both studies are based on the same isochron database. This difference might arise from different methods used. In effect, Rowley [2002] chose to integrate the {dA/dt} distribution, making the strong hypothesis of a regular triangular distribution [e.g., Sclater et al., 1981] resulting from regular production through times, and age-independent subduction of oceanic lithosphere [Parsons, 1981 [Parsons, , 1982 . These hypotheses led the author to advocate a steady-state model of ocean floor production. Recently, Demicco [2004] showed that the observed linear decrease in area versus age of ocean floor does not force a steadystate view of seafloor production, which we do not observe following the method described above.
Oceanic Crust Flux Rates (km 3 yr

À1 )
[21] In the following, flux rate is the total amount, in volume (km 3 yr À1 ), of produced crust in the last 180 Myr. We therefore have to envision two main aspects which are (1) the flux at ridges which may vary as a function of mantle temperature variations, as suggested by Humler et al. [1999] , and (2) the total volume of oceanic plateaus as proposed by Larson [1991] and Hardebeck and Anderson [1996] . Accounting for the first aspect of the question, assuming a constant mantle temperature would provide a constant thickness of crust generation in volume, and consists in multiplying our production rates (Table 3) by a constant thickness. Assuming a constant thickness at ridges of 7 km, one obtains an evolution of crustal flux at ridges which, indeed, does not differ from the production curve in surfaces (Table 4 ; dotted line in Figure 4a ). This minimum hypothesis therefore provides a roughly constant flux rate through times, with an average of 18.7 ± 2.9 km 3 yr À1 . This value is in fairly good agreement with the generally accepted production at ridges of $20 km 3 yr À1 [e.g., Anderson, 1974; Schilling et al., 1978; Wilson, 1989] .
[22] A second, and valid, hypothesis is to add to this production, the effect of mantle temperature variations. Following Klein and Langmuir [1987] , Langmuir et al. [1992] , and Humler et al. [1993] , the chemical composition (major and trace elements) of oceanic crust basalts can be quantitatively linked to mantle temperature at the time of effusion. An investigation of ancient crustal composition of Atlantic, Pacific and Indian oceans allowed Humler et al. [1999] to show that the mantle temperature was probably hotter by 50°C prior to 80 Ma, whereas it is, on average, identical to present-day values since then. On the other hand, the amount of melt in the mantle beneath an oceanic ridge is controlled by the amount of pressure release that each individual parcel of mantle has experienced [e.g., Klein and Langmuir, 1987; Langmuir et al., 1992] . The higher the mantle temperature, the more melt produced, and hence the greater the thickness of the oceanic crust [e.g., McKenzie, 1984] . Regardless of the origin of mantle temperature variations [Humler and Besse, 2002; Machetel and Humler, 2003 ] the chemical data suggest that crustal thicknesses were 1-2 km thicker before 80 Ma ($9 km) than at present ($7 km [e.g., Humler et al., 1999; Cogné and Humler, 2004] ). We therefore present a second model, where the flux rates are computed as the product of the production rates of Table 3 by a 7 km thickness from 80 Ma to present, and 9 km before 80 Ma (Table 4 , continuous line in Figure 4a ). This curve should therefore represent the crustal flux at ridges in the hypothesis of a 50°C thermal jump in the mantle at 80 Ma. It shows the main features we observed in production rates, and in particular the increase in crust flux rate in the last 50 Myr accompanied by a suspected $25 Myr periodicity in the last 75-80 Myr, as we discussed above.
[23] Another point is the role of oceanic plateaus. Oceanic plateaus are a major feature in oceanic crust volume generation [e.g., Larson, 1991; Hardebeck and Anderson, 1996] . Adding the oceanic volumes proposed by Hardebeck and Anderson [1996] to the ridge flux described above, we propose total oceanic crust flux rates without (Table 4 ; dotted line in Figure 4b ) and with (continuous line in Figure 4b ) the hypothesis of a larger flux at ridges due to a hotter mantle prior to 80 Ma. Because the oceanic plateaus production appears larger in Cretaceous times, it is obvious that adding them to flux at ridges enhances the higher flux in the Cretaceous, in either hypothesis (Figure 4b) . Surprisingly, we notice that our total flux including maximum hypotheses (i.e., plateaus production by Hardebeck and Anderson [1996] plus thermal jump at 80 Ma by Humler et al.
[1999] implying a thicker crust production prior to 80 Ma; Figure 4b ) is almost strictly identical in Cretaceous times to the one proposed by Larson [1991] but based on the fundamentally different hypothesis of higher spreading rates by that time, associated with a constant thickness of produced crust at ridges, and including some subducted plateaus. At a first level of analysis, and consistent with Larson [1991] , we thus propose a two-step evolution of oceanic crust flux since 180 Ma, including plateaus and thermal jump of the mantle, with averages at 20.2 ± 3.0 km 3 yr À1 in the 0-80 Ma period, and 26.8 ± 3.5 km 3 yr À1 in the 80-155 Ma period.
[24] However, a second level of analysis of our results (Table 4, Figure 4b ) leads us to propose a second, and double feature. First, it is obvious from Figure 4b that, as we already noticed on production rates (Figure 3b) , the general trend of crust flux tends to increase in a significant manner since $50 Ma. This is in disagreement with all previous works [e.g., Kominz, 1984; Larson, 1991; Rowley, 2002] . If we now turn to older periods, we agree with Larson [1991] , who suggested a weaker flux rate prior to $120 Ma. Altogether, this suggests a periodic signal in crust flux with a $150-200 Myr periodicity. However, we have only one period, and such an assumption must be regarded as tentative.
[25] Second, and more importantly, we provide evidence for a probable $25 Myr periodicity at least Kaiho and Saito [1994] . c This study, considering either a constant mantle temperature or a 50°C higher temperature of the mantle prior to 80 Ma following Humler et al. [1999] .
d Ocean crust flux of main oceanic basins and back arc basins. e Total crust flux, including plateaus.
in the last 75-80 Myr, obvious in either production or flux rates (Figures 3b and 4) . Apart from Kaiho and Saito [1994] , who proposed a $35 Myr periodicity mainly based on back arc production rates, it has never been described for oceanic crust production rates at the global scale before.
Normalized Fluxes: Discussion
[26] Normalized flux of oceanic crust is an important parameter entering models of global indicators such as sea-level variations [Vail et al., 1977; Berner, 1994; Hardenbol et al., 1998] Sr etc. We provide our evaluations of normalized crust fluxes since 165 Ma ( Figure 5 , black CH05-max and CH05-min curves), which we compare to 5 previous models. Normalized crust fluxes are expressed as {G (t) /G (0) } where G (t) is the flux at time t, and G (0) the present-day flux. Figure 5a shows the change in {G (t) /G (0) } of oceanic ridges as a function of time over the last 165 million years. Figure 5b shows how the total oceanic crust production rate (including oceanic plateaus) varies with time.
[27] Indeed, Kominz [1984] undertook the first comprehensive study of the oceanic lithosphere production history, after the pioneering work of Southam and Hay [1977] . She compiled mean spreading rates (in cm yr À1 ) and ridge lengths (in km) which we have multiplied to obtain production rates (in km 2 yr À1 ), over the last 125 Myr. Because of normalization, the {G (t) /G (0) } = f(t) curves at ridges may be obtained by the ratio of this production at time t on the production at t 0 . From the curves proposed by Kominz [1984] , we selected the upper (dotted light blue K84-max curve in Figure 5a ) and lower (continuous light blue K84-min curve in Figure 5a ) hypotheses, which depend on the timescales available at that time. Engebretson et al. [1992] used a combination of relative plates motions and reconstructions of subduction zones, in a fixed hot spot reference frame, to assess the time history of subduction, from which they deduce a lithosphere production history which, as normalized, is shown in Figure 5a (green E92 curve). It might be noted that the paleo-Pacific reconstructions of Engebretson et al. [1992] partly rely on the hypothesis of a fixity of the Hawaiian hot spots with respect to Atlantic hot spots. More modern analyses [e.g., Tarduno et al., 2003] , based on paleomagnetism and ocean drilling, have shown that such might be not the case. Finally, Rowley [2002] recently reappraised seafloor production rates (km 2 yr À1 ) using the ocean age grid of Royer et al. [1992] and Müller et al. [1997] . Integrating the global differential {dA/ dt} distribution which, as proposed by Sclater et al. [1981] and Parsons [1981 Parsons [ , 1982 , is of the form {dA/dt} = C 0 {1 À t/t max }, where C 0 is the presentday production (in km 2 yr À1 ) and t max the age of the older oceanic crust, the author proposed that the oceanic crust production at ridges remained roughly ) as a function of time (a) at ridges only and (b) including production of plateaus. Continuous (dotted) black curves: computed with (without) a 50°C thermal jump at 80 Ma in the mantle, as proposed by Humler et al. [1999] ; gray areas: 2s confidence areas; blue curve in Figure 4b : following Larson [1991] ; red curve in Figure 4b : plateau production after Hardebeck and Anderson [1996] . constant since 180 Ma at 3.4 km 2 yr À1 . The normalized flux curve {G (t) /G (0) } = f(t) deduced from Rowley [2002] is shown in Figure 5a (red R02 curve). It should be underlined that this curve results from no hypothesis on subducted ridge lengths and passed spreading rates.
[28] Turning to the total flux, including oceanic plateaus production (Figure 5b) , we have normalized flux curves of Larson [1991] (blue L91 curve) and Kaiho and Saito [1994] (pink KS94 curve) to the modern value. The oceanic production of Larson [1991] was obtained using spreading rates of Kominz [1984] recalibrated using Harland et al.
[1990] magnetic reversal timescale, and including the plateaus production based on Schubert and Sandwell [1989] . Kaiho and Saito [1994] made a thorough review of back arc basins surface evolution with time which they transformed to crust flux by multiplying their results by an average 6.5 km crustal thickness at ridges, then adding this to a global flux derived from Kominz [1984] and a reappraisal of oceanic plateaus flux.
[29] From Figure 5 , it is clear that each of these studies produces a significantly different estimate of past seafloor generation rates. Overall, studies using the most recent isochron database [Müller et al., 1997] give low oceanic lithosphere production rates (R02 and CH05) relative to studies based on older estimations (K84, L91, E92 and KS94).
Because of the increase in production during the last 50 Myr which we have documented, our curves (CH05) are significantly lower than previously published results, except for periods older than $110 Ma (Figure 5a ) or $100 Ma (Figure 5b ). In particular, the present study suggests that the present-day production might be $30% higher than during the $90-40 Ma period, and on the same order of magnitude than in the beginning of the Cretaceous. Indeed, and consistent with Rowley [2002] , we do not find a particular $50 (K84, E92) to 80% (L91) or larger (KS94) pulse of production in the mid-Cretaceous. In contrast, the CH05 curves differ from R02 which, although based on the same isochron data set, does not exhibit any increase in either production or flux rates during the last 50 Myr. This difference is thus clearly linked to the methods used in both studies. Beyond these significant differences between our study and previously published ones, however, some similarities can be found.
[30] First, concerning the increase of crust production in the last few Myr, we note that it is also observed by Kaiho and Saito [1994] , with a lower amplitude, in the last $30 Myr (Figure 5b , KS94 curve). Such an increase might also be disclosed in K84 and E92 curves (Figure 5a ) in the last 10 to 20 Myr. Second, the $25 Myr pseudo-periodicity suggested by our results is also obvious in R02 curve (Figure 5a ) and KS94 curve (Figure 5b ) in the Figure 4 ). (a) Light blue continuous (K84-max) and dotted (K84-min) curves, computed after Kominz [1984] ; light green curve (E92) after Engebretson et al. [1992] ; red curve (R02) after Rowley [2002] . (b) Blue curve (L91) after Larson [1991] ; pink curve (KS94) after Kaiho and Saito [1994] . [31] Finally, we have presented only results of computations based on the magnetostratigraphic scale of Gradstein et al. [2004a Gradstein et al. [ , 2004b . It should be noted that we made identical computations using the older scale of Cande and Kent [1995] and Gradstein et al. [1994] , as proposed by Müller et al. [1997] . These provide results which are in line with the main conclusions we reach here. The increasing oceanic crust flux in the last 50 Myr and the 25 Myr periodicity in the Cenozoic are obvious using both scales. We note that during the Jurassic, where the remaining crust surfaces and ridges are the smaller, the results appear more sensitive to the timescale used. In particular, flux calculations are generally lowered by $25% based on the older timescale in the 120-150 Ma period relative to the most recent study [Gradstein et al., 2004a [Gradstein et al., , 2004b .
Conclusions
[32] We have presented the results of a new evaluation of spreading, production and flux rates of oceanic crust generation. It is based on isochron data proposed by Royer et al. [1992] and Müller et al. [1997] corrected for the new timescale of Gradstein et al. [2004a Gradstein et al. [ , 2004b , following the method of Cogné and Humler [2004] and using the PaleoMac tool of Cogné [2003] . From the detailed analysis of 8 oceanic units (North, Central and South Atlantic, West, Central and East Indian, Somalia basin and Pacific) we conclude that while some large variations in spreading rates may occur on a localized scale and at somewhat short periods, the global weighted average rate of spreading on ridges appears constant at 53.4 ± 5.9 (1s) mm yr À1 (full-rate) during the last 125 Myr, consistent with our previous estimates [Cogné and Humler, 2004] based on the bulk average of main oceanic plates data. This contradicts the thought that spreading rates were significantly higher in the Cretaceous [Kominz, 1984 : Larson, 1991 ].
[33] We then computed the global surface production rates {dA/dt} as a function of time by adding the modeled production on subducted Tethys and Pacific ridges [Ricou, 1994; Engebretson et al., 1985] to the currently observable surfaces production on the globe [e.g., Sclater et al., 1981; Cogné and Humler, 2004] for main oceans and to the SOB production proposed by Kaiho and Saito [1994] . Consistent with Rowley [2002] , we see a fairly constant surface production rate of oceanic crust in the last 180 Myr, which we average at 2.7 ± 0.2 km 2 yr À1 . At this stage, however, we outline the possibility of a significant 40 to 60% increase of production rate since 50 Ma, accompanied by possible pseudo-periodic fluctuations of ±0.5 km 2 yr À1 with a $25 Myr period, at least during the last 75-80 Myr.
[34] Finally, we propose a new evaluation of oceanic crust production in volume, or flux, at ridges only, and of the total production including plateaus. For both evaluations, we also provide two solutions depending on the existence of thicker crust formation due to higher melt from a hotter mantle as proposed by Humler et al. [1999] and Fisk and Kelley [2002] . We note that (1) the largest estimate (Table 4, Figure 4b ) fits well the proposition of Larson [1991] for a larger production in the Cretaceous, although both studies (the present one and the study of Larson [1991] ) use different approaches; (2) whether we include or not contributions from oceanic plateaus and thermal jump in the mantle [Humler et al., 1999] (Figure 4) , we cannot escape the evidence of (i) a general increasing trend in crust production in the last 50 Myr, as we already suggested [Cogné and Humler, 2004] , which might belong to a $150-200 Myr periodic phenomenon, and (ii) a $25 Myr pseudo-periodicity in crust flux, which, apart from Kaiho and Saito [1994] , but on the scale of back arc basins, has not been reported previously; and (3) the present-day crust flux is on the same order of magnitude than during the early Cretaceous, and about 30% higher than during the middle to late Cretaceous and most of the Cenozoic. We believe that this has a primary significance with respect to other changes of global indicators such as sea-level variations. To treat the effects of changing the seafloor hydrothermal flux, estimates of changes in the seafloor generation rate is needed. For instance, the CO 2 degassing flux from midocean-ridge volcanism has been computed using normalized flux curves reported in Figure 5 . If the recent studies of past seafloor generation rate (curves CH05 and R02 in Figure 5 ) are more accurate than the older estimations, the origin of elevated atmospheric CO 2 levels and global warmth during the Cretaceous linked to mid-ocean ridge magmatism needs to be reconsidered. discussions and thoughtful insights all along the development of this study. Early drafts of this manuscript were kindly reviewed by J. A. Tarduno, W. Roest, R. D. Müller, M. Tivey, and an anonymous reviewer. This is contribution 2102 of IPGP.
